The Wolverine volcanogenic massive sulfide (VMS) deposit is a polymetallic, felsic-siliciclastic deposit hosted by ~352 to 347 Ma volcanic and sedimentary rocks of the Yukon-Tanana terrane, Yukon, Canada. Shales are located at various stratigraphic levels and in various mineralized zones within the Wolverine deposit area (e.g., Fisher, Puck, and Sable zones). Shales present along the mineralized horizon near the immediate hanging wall and footwall were deposited under anoxic conditions (e.g., low Mn, anoxic V-Cr-Mo-U systematics), whereas in the stratigraphically deeper footwall and uppermost hanging wall, the redox signatures imply deposition under suboxic to oxic conditions. The Mo-U systematics of the shales suggest that during the time of sulfide mineralization, the ambient basin was periodically euxinic with aqueous H2S present in the water column that this H2S contributed to the sulfur budget of the deposit. Furthermore, the Mo-U and Corg-Ni systematics favor deposition in a restricted basin (i.e., nutrient trap) where restriction of the water column led to H2S formation via sulfate reduction associated with excess organic carbon preservation. There is also evidence of a progressive shift upward in the stratigraphy to more oxygenated conditions in the uppermost hanging wall. The shift from euxinic to oxic-suboxic conditions is consistent with regional tectonic models that indicate a change from rifting during Wolverine deposit formation, where the basin was partially restricted with minimal circulation (i.e., restricted depocenter), to an incipient back-arc basin accompanied by extension and likely ingress of oxygenated seawater.
Introduction
The Wolverine volcanogenic massive sulfide (VMS) deposit represents a type example of a shale-rich VMS deposit (Bradshaw et al., 2008) . The deposit is located within the Finlayson Lake VMS district, Yukon (Fig. 1) , and is hosted by Early Mississippian (~352-347 Ma) rocks of the Yukon-Tanana terrane . The Wolverine deposit has numerous features traditional to VMS deposits, including volcanic host rocks, metal zoning patterns, and typical sericite and chlorite alteration of footwall strata (e.g., Franklin et al., 2005; Galley et al., 2007; Bradshaw et al., 2008) . However, the deposit is unlike classic mound-like VMS deposits in containing mineralization that is tabular in nature, has abundant shale in the host stratigraphy, and sulfides with both very light (biogenic) and very heavy δ 34 S values, similar to those of sedimentaryexhalative mineralization (e.g., Bradshaw et al., 2008) . The latter characteristics of Wolverine are similar to other felsic siliciclastic VMS deposits in shale-rich environments, such as those in the Bathurst mining camp (e.g., Brunswick 12) and the Iberian pyrite belt (Neves Corvo, Tharsis), for which workers have suggested mineralization formed via the venting of VMS-related hydrothermal fluids into an anoxic basin, similar to the ambient environment in which SEDEX deposits form (Goodfellow and Peter, 1996; Goodfellow et al., 2003b; Tornos et al., 2008; Menor-Salvan et al., 2010; Sáez et al., 2011) .
At the Wolverine deposit an intimate spatial relationship exists between shales and sulfide mineralization, with shales occurring in the immediate hanging wall to mineralization, stratigraphically below (i.e., within 10s to 100s m), and hundreds of meters above mineralization. Furthermore, numerous prospects occur along strike (e.g., Fisher, Puck, Sable) that also contain shales with and without mineralization. The Wolverine deposit thus presents an opportunity to understand changes in the chemistry of shales as a function of stratigraphic position, and of proximity and distance from mineralization. Previous work on shale geochemistry and mineralogy, in general, and specifically in other felsic siliciclastic VMS deposits, has provided critical information on the relationship of shales to mineralization, including information on the provenance of the sediments, the importance of hydrothermal activity, and the ambient ocean redox environment during deposit formation (Raiswell and Berner, 1985; Calvert and Pedersen, 1993; Quinby-Hunt and Wilde, 1994, 1996; Goodfellow et al., 2003b; Meyer and Kump, 2008; Piper and Calvert, 2009; Sáez et al., 2011) .
In this paper we provide a detailed geologic and lithogeochemical study of shales from the Wolverine VMS deposit. Goals of the paper are to (1) evaluate the setting of shales and their relationship to mineralization, (2) use bulk geochemistry of the shales to constrain the ambient redox environment during deposit formation, and (3) use the shales to understand their role in localizing mineralization and their potential as a exploration vector for VMS mineralization in shale-rich basins.
Regional Geology
The Finlayson Lake district consists of rocks from the YukonTanana and Slide Mountain terranes northeast of the Tintina fault, in southeastern Yukon (Fig. 1) . These terranes represent a continental arc and back-arc basin sequence that developed along the ancient Pacific margin of North America, in the middle to late Paleozoic (Late Devonian through Permian), similar to the present-day tectonic configuration of Japan, the Japan Sea, and the Sino-Korean craton Piercey et al., 2006) . The district consists of pericratonic rocks of the Yukon-Tanana terrane and oceanic rocks of the Slide Mountain terrane that are juxtaposed against rocks of the North American continental margin along the Inconnu thrust of post-Late Triassic age (Figs. 2, 3; Murphy et al., 2006) . The Yukon-Tanana and Slide Mountain terranes in the Finlayson Lake district contain variably deformed and metamorphosed, lower greenschist-to amphibolite-facies metasedimentary and metavolcanic rocks and affiliated metaplutonic suites. Rocks of the terrane are foliated and variably folded; however, primary features and geochemical characteristics are locally well preserved (e.g., Murphy et al., 2006; Piercey et al., 2006) . The Finlayson Lake district is subdivided into several informal fault-and unconformity-bounded groups and formations (Figs. 2, 3; Murphy et al., 2006) . The structurally deepest units of the Yukon-Tanana terrane occur in the footwall of the Money Creek thrust, an Early Permian east-northeast-vergent thrust fault having more than 35 km of displacement that juxtaposes broadly coeval, but lithologically and geochemically distinct, lithologic successions. Rocks in the footwall of the thrust include mafic and felsic metavolcanic and metasedimentary rocks of the Upper Devonian and older Grass Lakes Group, Late Devonian to Early Mississippian metagranitic rocks of the Grass Lakes plutonic suite, and metasedimentary and mafic and felsic metavolcanic rocks of the unconformably overlying Lower Mississippian Wolverine Lake Group (Figs.  2, 3) . The Grass Lakes Group is host to the Fyre Lake, Kudz Ze Kayah, and GP4F VMS deposits, whereas the Wolverine Lake Group hosts the Wolverine deposit. The Grass Lakes and Wolverine Lake Groups have been interpreted to represent a continental back-arc rift to back-arc basin assemblage (Piercey et al., 2001a (Piercey et al., , b, 2004 Murphy et al., 2006) .
The hanging wall of the Money Creek thrust consists of Upper Devonian to Lower Mississippian metasedimentary and felsic to intermediate metavolcanic rocks and granitoids (Mortensen, 1992) , Lower Permian limestone, and, locally, Lower Permian dark-gray basinal clastic rocks (Figs. 2, 3 ). These latter rocks are overlain by an upper thrust package, which comprises undeformed, predominantly Late Devonian mafic volcanic rocks of the Cleaver Lake Formation, spatially associated and probably comagmatic felsic, mafic, and ultramafic metaplutonic rocks, and a crosscutting Early Mississippian pluton of the Simpson Range plutonic suite. None of these rock units hosts significant VMS mineralization. The rocks of the hanging wall of the Money Creek thrust (Cleaver Lake Formation and Simpson Range plutonic suite) have been interpreted to represent the products of continental-arc magmatism (Grant, 1997; Piercey et al., 2001b Piercey et al., , 2003 Piercey et al., , 2006 Murphy et al., 2006) .
To the north and east, imbricated rocks of the Yukon-Tanana terrane are juxtaposed against rocks of the Slide Mountain terrane along the Jules Creek fault (Figs. 2, 3) . In this area, the Slide Mountain terrane comprises Mississippian to Lower Permian metasedimentary and metavolcanic rocks of the Fortin Creek Group. The Slide Mountain terrane also contains pristine to weakly foliated Lower Permian basalt, mafic and ultramafic plutonic rocks, and minor sedimentary rocks of the Campbell Range Formation. Mafic rocks of the Slide Mountain terrane are host to the Ice VMS deposit (Figs. 2, 3 ) and are interpreted to have formed in a Permian back-arc basin (Plint and Gordon, 1997; Piercey et al., 2006 Piercey et al., , 2012 .
Wolverine Deposit Stratigraphy and Shale Relationships
The Wolverine deposit contains a distinctive lithostratigraphy in the footwall and hanging wall in which shales occur at different stratigraphic levels interlayered with volcano-sedimentary rocks (Figs. 4-7) . The deepest part of the footwall consists predominantly of shale interbedded with fine-grained, variably quartz-and feldspar-bearing rhyolitic tuffs (Figs. 4-7; Bradshaw, 2003; Bradshaw et al., 2008) . The immediate footwall is quartz-feldspar tuff with lesser shale. The footwall rocks are intruded by two generations of porphyritic rhyolitic sills, including an older suite of quartz-feldspar porphyritic rhyolite (~352 Ma), and a younger suite of feldspar porphyritic rhyolite (~347 Ma); both suites are spatially associated with mineralization and occur within tens of meters of mineralization in the Wolverine/Lynx zones (Fig. 5; Piercey et al., 2008) . The hanging wall of the Wolverine deposit has been previously interpreted to be aphyric rhyolite intercalated with shale, carbonate exhalite, iron formation, silica-pyrite exhalite, and rhyolite breccia, and all capped by basalt (Figs. 4, 5; Bradshaw et al., 2008) . However, mapping of lithofacies and alteration by Piercey and Gibson (unpub.) and Piercey et al. (2006) have revised stratigraphic units in the hanging wall, with the result that most rocks previously considered aphyric rhyolite are included within a laminated, crystal-poor rhyolitic siltstone that is variably interlayered with carbonaceous shale (Fig. 6 ). The rhyolitic siltstone is attributed to deposition from volcanic-ash-rich turbidity currents (Piercey and Gibson, 2005; Piercey et al., 2006) . The rhyolite breccias above the uppermost iron formation contain fragments that are identical to the underlying rhyolite siltstone/tuff, and are thus interpreted to be reworked rhyolitic siltstone (Figs. 4, 5; Piercey and Gibson, 2005; Piercey et al., 2006) . All other lithofacies are similar to those outlined by Bradshaw et al. (2008) .
Massive sulfide mineralization at the Wolverine deposit occurs in three main zones: Wolverine and Lynx that are geographically separated by the Hump zone (Fig. 8) . The Wolverine and Lynx zones are superficially similar in containing abundant Zn-and Pb-rich massive sulfide near upper contacts with Cu content increasing at depth and into the footwall (Bradshaw et al., 2008) . The immediate footwall to mineralization in both zones is a crystal-rich rhyolitic tuff that contains variable amounts of carbonaceous material, commonly as interlayers or drapes on more rhyolitic tuffaceous layers 9) . The footwall shows a distinctive lateral and vertical zonation in alteration from intense chlorite proximal to Curich stringer and disseminated mineralization and more sericite at depth and distal from mineralization (Bradshaw et al., 2008) . Volcaniclastic rocks are abundant in the footwall and proximal to massive sulfide mineralization, as are carbonaceous argillites/shales 9) . The immediate hanging wall consists of either carbonaceous shale or carbonate-exhalite and these are conformably overlain, in turn, by carbonaceous shale interlayered with rhyolitic siltstone and iron formation, rhyolite siltstone breccias, and upper carbonaceous shale, all being capped by basalt, mafic volcaniclastic rocks, and graywacke (Figs. 4-7, 9; Bradshaw, 2003; Piercey and Gibson, 2005; Piercey et al., 2006; Peter et al., 2007; Bradshaw et al., 2008) . The hanging-wall alteration of felsic volcanic and volcaniclastic rocks is widespread and extends upward to the upper iron formation, consisting predominantly of quartz with lesser sericite; in immediate proximity to mineralization and the carbonate exhalites is intense Fe carbonate alteration.
Along strike, other mineralized zones at Wolverine occur at a similar stratigraphic level as the main Wolverine deposit, but contain only minor sulfides (Figs. 4, 7) . The hanging wall and footwall strata to the Fisher zone are similar to those of the Wolverine deposit, including in the footwall minor intervals of sericite-to chlorite-altered, felsic tuff with narrow bands of sphalerite-pyrite-galena and a thick sequence of fold-repeated (Figs. 4, 7; Peter et al., 2007) . Shales are interlayered with the immediate footwall tuffs in the Fisher zone; some of the longer drill holes here extend hundreds of meters into the footwall and thus provide insights into the deepest parts of the VMS-hosting basin and ambient conditions in the basin prior to deposit formation. The stratigraphically lowest footwall shale is very carbonaceous and contains fine-grained pyrite (Figs. 7, 9) . In the hanging wall, shales are broadly similar to those of the footwall, but interlayered with volcanic siltstone, carbonate exhalite, and volcanic breccia in the lower hanging wall, and with more mafic material in the uppermost hanging wall (e.g., Fig. 5 ).
The Sable zone occurs 1.6 km along strike and southeast of the Wolverine deposit and has a similar correlative stratigraphy (Figs. 4, 7) . This zone has a footwall containing abundant felsic volcaniclastic rocks interlayered with carbonaceous shale, some of which have minor sphalerite-pyrite stringers (Fig. 7) , and ~352 Ma quartz-K-feldspar porphyritic intrusions similar to those found at the Wolverine deposit (Piercey et al., 2008) . Mineralization in the Sable zone comprises thin intervals of massive sulfide with strong quartz-pyrite-Fe carbonate alteration (Peter et al., 2007) . The hanging wall consists of abundant volcanic siltstone interlayered with carbonaceous shale and iron formation, similar to the hanging wall in other zones of the deposit (Fig. 7) , and has abundant quartz-sericite alteration and local magnetite proximal to magnetite iron formation.
The Puck zone is the southernmost mineralized zone on the Wolverine property, located ~6 km from the Wolverine deposit (Fig. 4) . The Puck zone differs slightly from the other zones in having abundant mafic rocks within the stratigraphy (Fig.  7) . Footwall strata there consist of variably interlayered felsic volcaniclastic rocks and carbonaceous shale that are variably altered to quartz, sericite, and chlorite (Figs. 7, 9) . Locally, the footwall contains K-feldspar porphyritic intrusions like those in the Wolverine and Fisher zones (Piercey et al., 2008) . Mineralization consists of sphalerite, chalcopyrite, and galena in stringer veins and massive sulfide, in variably sericite-altered quartz-and feldspar-rich tuffaceous rocks (Fig. 7) . The immediate hanging wall comprises felsic volcanic siltstone interlayered with carbonaceous shale that grades upward into magnetite iron formation, with local carbonate exhalite ( Fig. 7 ; see also Peter et al., 2007) . The upper hanging wall consists of gabbro intrusions, and mafic dikes/sills interlayered with volcanic siltstone and carbonaceous shale. These mafic sills commonly exhibit peperitic margins with the surrounding shale.
Lithogeochemistry

Sampling and analytical methods
Samples of shale were collected from the Wolverine, Fisher, Sable, and Puck zones (Table R1) . Samples were divided into those occurring in the footwall, within 10 m of mineralization, and above 10 m from mineralization but below the uppermost iron formation, and above the uppermost iron formation. This stratigraphic division was undertaken to examine variations in relationship to mineralization, but also to understand the B ambient environment of formation outside of the immediate mineralized zones. In particular, unaltered samples from the very deep footwall of the Fisher zone that extend to hundreds of meters below mineralization provide insight into the background environment of formation at the onset of hydrothermal activity (i.e., ambient basinal conditions); those in the uppermost hanging wall record the ambient environment following Wolverine deposit formation. In contrast, samples of mineralized strata provide insight into the environment at the time of ore formation and record effects of hydrothermal activity on shales proximal to mineralization.
All samples were analyzed for major elements and certain trace elements (Zr, Nb, Y, Ga) via fused-disk X-ray fluorescence (XRF) and pressed-pellet XRF methods, respectively, at Activation Laboratories in Ancaster, Ontario (2005 samples) and at the Ontario Geoscience Laboratories in Sudbury, Ontario (2006 samples). Trace elements, including rare earth elements (REE), were determined by a combination of inductively coupled plasma-emission spectrometry (ICP-ES) and inductively coupled plasma-mass spectrometry (ICP-MS). Samples from 2005 were analyzed for trace elements and REE at the Ontario Geoscience Laboratories via closedbeaker acid digestion with a finish by ICP-ES and ICP-MS (Burnham et al., 2002; Burnham and Schweyer, 2004) ; samples from 2006 were analyzed via high-precision ICP-MS at the Chemical Fingerprinting Laboratory in the Department of Earth Sciences, Laurentian University, Sudbury, following the methods of Kamber (2009) and Marx and Kamber (2010) . Solution ICP-MS results were compared to solid source results from pressed pellet XRF to ensure dissolution was complete using Zr as a proxy for the effectiveness of digestion of resistant phases, which is particularly critical for HFSE and REE ( Fig. A1 in Data Repository). Zirconium was chosen because it yields very precise and accurate results by XRF, unlike Nb and Y by XRF in this dataset, which are at the limits of the XRF instrumentation for precision and accuracy. Given that all shale samples have a strong 1:1 correlation for Zr between ICP and XRF results (Fig. A1) , it is reasonable to assume that dissolutions were complete using the closed beaker digestions (e.g., Burnham et al., 2002; Burnham and Schweyer, 2004; Kamber, 2009; Marx and Kamber, 2010 we have used HFSE and REE results from ICP-MS throughout this paper. Total CO2 and S were analyzed via infrared spectroscopy, Cinorganic was determined by Chittick methods (e.g., Brauneder et al., 2016) , and Corganic was determined via the difference in Ctotal (derived from total CO2 and Cinorganic); all of the latter analyses were undertaken at the Ontario Geoscience Laboratories. Lithogeochemical results are presented in Table R1 in the Online Appendix.
Results
Major elements: Major element data for Wolverine shales are shown in Figure 10 . On ternary plots that show the positions of various potential diagenetic and alteration minerals (Nesbitt and Young, 1984; McLennan et al., 1990; Nesbitt, 2003) , data for Wolverine shales lie on a trend from illite/muscovite to calcite-dolomite in (CaO + Na2O)-Al2O3-K2O space, with low Al2O3 footwall samples plotting closer to the carbonate node (Fig. 10a) . In (CaO + Na2O-K2O)-Al2O3-(Fe2O3 + MgO) space, the samples lie within a triangular area between the muscovite, chlorite, and carbonate nodes (Fig. 10b) . Wolverine shales have variable chemical indices of weathering values (CIW; Nesbitt and Young, 1984) with most samples having CIW >50 and with inverse trend with decreasing SiO2/Al2O3. Samples with both low SiO 2/Al2O3 and CIW are those that plotted close to the carbonate nodes in Figure 10a -b.
Major and trace elements sensitive to hydrothermal overprint: In Fe-Mn-Al ternary space the shale compositions lie closer to the detrital portion of the diagram with very limited indication of hydrothermal input (Fig. 11a) . On a Fe/Ti versus Al/(Al + Fe + Mn) plot, most Wolverine shales have a maximum of ~35% hydrothermal component and are dominated by detrital components; most samples exhibiting a greater hydrothermal input are from the Wolverine deposit area (Fig.  11b) . Some shales also have elevated contents of Zn-Cu-Pb, and Tl and Sb; however, the majority of samples have Cu less than 200 ppm and Zn + Pb less than 1,000 ppm (Fig. 11c, d) .
Redox-sensitive trace elements: The multiple-valence transition metals are typically controlled by aqueous basin redox or conditions at the sediment-water interface (Emerson and Huested, 1991; Pedersen, 1993, 1996; Jones and Manning, 1994; Quinby-Hunt and Wilde, 1994; Maynard, 2004, 2008; Tribovillard et al., 2006; Little et al., 2015) . Most shale samples analyzed in this study have low Mn contents (<1,000 ppm), except those in the uppermost part of the stratigraphy that contain ca. 1,000 ppm and those having elevated CO2 and CaO contents (Fig. 12a, b) . Despite variations in Mn content, the V/(V + Ni) ratios for the shales plot within the anoxic field, with some exceptions (Fig. 12a) . The elevated V is mirrored in high V/Cr ratios and elevated U/ Th and Ni/Co ratios, with most data plotting in the anoxic to suboxic fields (Emerson and Huested, 1991; Hatch and Leventhal, 1992; Jones and Manning, 1994; Maynard, 2004, 2008; Tribovillard et al., 2006) ; however, there is some scatter in U/Th (Fig. 12c, d) Figure 12e , demonstrating that most samples are highly enriched in these elements. Similarly, authigenic U (Uauth = U-Th/3) is also enriched in the Wolverine shales and shows a positive correlation with Corganic content (Fig. 12f) . Ratios of sulfur to organic carbon are mostly greater than 0.32 (Fig. 12g) . The elevated S values are affected by sulfide mineralization, but even those screened for sulfide mineralization (e.g., Fe2O3 <5 wt %, Zn <200 ppm, Cu <200 ppm) have S/Corganic >0.32 (Fig. 12h) . Variations in trace element concentrations are also shown stratigraphically in Figure 13 . Notable is that shales in the uppermost hanging wall above mineralization have the highest Mn, and low S, Corganic, and U-Mo-V, similar to results outlined above. Similarly, the deeper footwall shales have low Mn, but more variable S and C organic contents, and generally low U-Mo-V (Fig. 13) . In contrast, shales proximal to mineralization have low Mn, and elevated S, Corganic, Zn, and U-Mo-V.
Rare earth element and yttrium (REY) systematics: The REE are particularly useful for understanding redox conditions in shales (e.g., de Baar et al., 1988; Elderfield et al., 1988) , and when coupled with data for Y are also sensitive indicators of potential inputs from oxygenated seawater (e.g., Bau, 1996) . Patterns of REY normalized to average PostArchean Australian Shale (PAAS; McLennan, 1989) for the shales analyzed herein are shown in Figure 14 . To aid analysis of these plots, the samples are broken out based on both stratigraphic setting and similarity of REY signatures. In the deepest footwall shales from the Fisher zone and the uppermost shales in the Wolverine area (above the iron formations), the signatures are remarkably similar, and display very flat patterns that have no or small negative Ce anomalies (i.e., Ce/ Ce* ~1; Fig. 14a, b) . Samples from the immediate footwall of the Wolverine deposit also have flat patterns, but with more pronounced negative Ce anomalies (Ce/Ce* <1), small positive Y anomalies (i.e., elevated Y/Ho), and no or small negative Eu anomalies (Fig. 14c) . A similar pattern is found in shales in the immediate hanging wall to mineralization; however, the range of total REY abundances, and the magnitudes of the Eu, Ce, and Y anomalies are variable (Fig. 14d) . Shale samples that are 10 m stratigraphically above mineralization, but below the iron formation, also display patterns similar to those of the immediate Wolverine hanging wall, with the exception of one sample that is silicified and has very low total REY contents (Fig. 14e) . The Puck zone shales have signatures similar to those of shales in the immediate Wolverine hanging wall, characterized by uniformly flat to weakly light rare earth element (LREE)-depleted signatures with negative Ce and Eu anomalies and positive Y anomalies (Fig. 14f) . The REY systematics are further evaluated in Figure 15 to understand the significance of Ce and Y anomalies. Because a negative Ce anomaly on a PAAS-normalized plot can be caused by a deficit of Ce and/or an excess of La (Bau and Dulski, 1996; Kamber and Webb, 2001 ) a test is required to estimate both influences. This test involves plotting the Ce anomaly against the apparent Pr anomaly. Given that all shales from the Wolverine deposit have Ce/Ce* ≤1 and Pr/Pr* >1, these samples thus have true negative Ce anomalies and also mild positive La anomalies (Fig. 15a) . The Ce/Ce* anomalies also exhibit a weak anticorrelation with P2O5 contents (Fig.  15b) ; however, all samples with negative Ce anomalies have elevated P2O5 contents (i.e., >0.05% P2O5).
The Y/Ho systematics for the Wolverine shales vary and range from values that are chondritic and rock-like (~27) to much higher values that are similar to seawater (~44), and they are clusters, but some of the lower values of Y/Ho correlate with negative Ce anomalies, and increasing Pr/Pr* (Fig.  15c, d) .
The REY systematics are also shown in downhole form in Figure 13 . In the immediate area of sulfide mineralization, shales have remarkably low Ce/Ce* values less than 1; there are also elevated Y/Ho at this location as well (Fig.  13) . Although the latter element ratios do show spikes elsewhere in the stratigraphy, they are not as pronounced as near mineralization. Nesbitt and Young (1984) and Nesbitt (2003) . (E). SiO2/Al2O3 (measure of silicification) vs. chemical index of weathering (CIW; measure of clay mineral abundance and feldspar destruction). CIW formula from Nesbitt and Young (1984) . 
(G). S vs. Corganic. (H). S vs.
Corganic screened for samples with Fe2O3 <5 wt % and Zn <200 ppm. S vs. Corg (from Berner, 1984) . Other references to redox-sensitive elements and ratios provided in text.
Discussion
Ambient redox environment
The ambient redox environment and oxygenation conditions of bottom waters have been cited in previous studies as exerting a first-order control on the formation and localization of some massive sulfide deposits (Goodfellow, 1987; Eastoe and Gustin, 1996; Goodfellow and Peter, 1996; Goodfellow et al., 2003b; Tornos et al., 2008; Menor-Salvan et al., 2010; Sáez et al., 2011) . Many workers argue that in anoxic basins that reach euxinia, a stratified water column develops with an upper oxygenated and sulfate-rich layer that is underlain by a suboxic to anoxic layer with variable amounts of free H2S (euxinic; e.g., Leventhal, 1983; Raiswell and Berner, 1985; Goodfellow, 1987; Scott and Lyons, 2012) . Furthermore, throughout Earth history there is a broad secular correlation between large tonnages of massive sulfide (e.g., Bathurst, Iberian pyrite belt) and global anoxic ocean events (e.g., Goodfellow et al., 2003b) , which are linked via the more efficient complexing of metals in vent fluids with free H2S in the bottom waters and precipitation of metal sulfides on the seafloor, coupled with the insulation of sulfide mounds from oxidation and seafloor weathering by oxygenated seawater (e.g., Eastoe and Gustin, 1996; Goodfellow and Peter, 1996; Goodfellow et al., 2003b) . To constrain the ambient redox conditions of the Wolverine shales, a multiproxy approach has been taken. This was done in recognition of the fact that certain redox proxies are more reliable than others (e.g., Tribovillard et al., 2006; Little et al., 2015) . The combined approach shows that the majority of proxies, including low Mn; elevated S/Corganic ratios; elevated V contents, V/(V + Ni) and V/Cr ratios; and enrichments in U and Mo, suggest that most Wolverine shales were deposited under anoxic to suboxic/dysoxic conditions ( Fig. 13 ; Berner and Raiswell, 1983; Raiswell and Berner, 1985; Emerson and Huested, 1991; Hatch and Leventhal, 1992; Pedersen, 1993, 1996; Quinby-Hunt and Wilde, 1994; Maynard, 2004, 2008; Tribovillard et al., 2006) . Evidence for anoxia, however, does not necessarily imply that the basin was euxinic (sulfidic) with aqueous H2S present in the water column. The S/Corganic ratios of most samples are a very strong indicator of excess sulfur in the water column and hence euxinic conditions (e.g., Berner and Raiswell, 1983; Berner, 1984) . However, this ratio can be affected by sulfide addition associated with mineralization, a high probability in the Wolverine deposit area, especially proximal to massive sulfide. Scott and Lyons (2012) showed that in ancient shales Mo contents >100 ppm are typical of euxinic conditions with free H 2S in the water column, those having less than 25 ppm but greater than 1 to 2 ppm (crustal average) reflect H2S presence only in sediment pore waters, and those between 25 and 100 ppm are ambiguous. In the case of the intermediate range of Mo contents (25-100 ppm), it could reflect periodic H2S in the water column, and/or variable Mo content of the water column due to reservoir effects, and/or dilution by high sedimentation rates (Scott and Lyons, 2012) . The Mo concentrations observed for the Wolverine deposit shales show a considerable variation as a function of stratigraphic position, with samples from the footwall and hanging wall having average values <25ppm, particularly so for the uppermost hanging wall (Fig. 16) . The footwall and immediate hanging wall, despite having average values <25 ppm, are highly variable with many samples having concentrations >100 ppm Mo (Fig.  16) . The absolute Mo contents are therefore consistent with at least periodic H2S presence in bottom waters during deposition of the footwall and immediate hanging-wall shales, and with suboxic to oxic conditions during deposition of the upper hanging-wall shales.
The Mo variation shown in Figure 16 likely is influenced by sedimentation rate and dilution, however, given that most shales are interlayered with volcaniclastic rocks, including felsic tuff beds (e.g., Figs. 6, 7, 9) . To remove the potential effects of sediment dilution on the Mo signature, and to decipher whether the Wolverine basin did have free H2S, MoEF (and UEF) systematics are utilized as they take into account potential dilution by detritus. Algeo and Tribovillard (2009) demonstrated that authigenic U enrichment will occur in anoxic basins with or without free H2S; however, Mo enrichment will only occur if there is free H2S in the water column. The MoEF-UEF covariation diagram shows that the majority of shales from Wolverine have Mo-U systematics that are highly enriched relative to modern seawater, with those having lower Mo-U enrichments occurring mainly in the hanging wall, particularly in the upper part of the stratigraphy (Fig. 12e) . This pattern is also seen in Figure 13 , where MoEF and UEF values are very high in the hanging wall above mineralization, are more erratic in the footwall but generally decrease with depth, and are very low in the upper hanging wall. The presence of such high MoEF values, particularly in footwall and hanging-wall samples proximal to mineralization, suggests that free H2S existed in the water column and that the basin was at least periodically euxinic, particularly during VMS formation (e.g., Fig. 13 ; Algeo and Tribovillard, 2009; Little et al., 2015) .
Both Mo and U show enrichment in MoEF-UEF space; however, the pattern has a general flatness with higher UEF values at a given MoEF (Fig. 12e) . This distribution has been attributed to formation in a restricted or silled basin by previous workers (Algeo and Tribovillard, 2009 ). In these environments without periodic recharge of oxic ocean water, an excess of U develops relative to Mo, resulting in a reservoir effect whereby Mo is deposited initially and is then rapidly depleted from the water column, while U continues to be deposited after Mo is depleted (Algeo and Tribovillard, 2009) . Data on the MoEF-UEF array imply the possibility that the Wolverine deposit formed in a restricted to silled basin, consistent with regional tectonic models for the evolution of the ancient Pacific margin of North America where the Wolverine basin formed during rifting of the distal edge of the craton in the mid-Paleozoic (Nelson et al., , 2013 Piercey et al., 2006; Colpron and Nelson, 2009) . A restricted/silled basin on the edge of the craton would be an ideal location to deposit biomass from the continent (e.g., nutriet trap of Meyer and Kump, 2008) , and create an environment that was deprived in O2 and rich in H2S. In particular, lack of oxygenation by influx of oxic seawater coupled with organic matter abundance would have provided an excess of electron donors to facilitate the biogenic reduction of seawater sulfate to H2S and concentration of H2S within the water column (Menor-Salvan et al., 2010) . Support for organic matter buildup is illustrated in Figure 17 , where a strong correlation is shown between organic C and Ni, an element that is indicative of productivity in the water column (Tribovillard et al., 2006; Little et al., 2015) . Furthermore, the abundance of P 2O5 in all shale samples (generally >0.05% P2O5) is also consistent with enhanced productivity and organic preservation in the Wolverine basin (e.g., Piper, 1994 Piper, , 2001 Meyer and Kump, 2008; Piper and Calvert, 2011) . Thus, it appears that the tectonics and restriction of the Wolverine basin, coupled with primary productivity, were critical in creating euxinia and an abundance of H2S that was utilized for the formation of the Wolverine deposit (Fig. 18) .
Basin restriction and euxinic conditions must have waned during evolution of the Wolverine basin as there are important stratigraphic variations in redox-sensitive trace elements. Most notably, samples from the upper hanging wall, above the iron formations, have higher Mn contents, and lower V contents, MoEF, UEF, Uauth, and S/Corganic ratios (Figs. 12, 13, 17) , indicating a shift toward suboxic to oxic conditions during the deposition of hanging-wall strata. The continued extension of the Wolverine basin and eventual formation of the Slide Mountain Ocean (back-arc basin; Nelson et al., 2006; Piercey et al., 2004 Piercey et al., , 2006 would have resulted in the ingress of oxygenated ocean waters as well as changing the geometry of the rifted margin, potentially destabilizing the existing nutrient trap, both of which would have shifted basin redox conditions from euxinic to oxic/suboxic (e.g., Figs. 12, 13, 17) .
Collectively, the results above illustrate that the Wolverine basin had varying redox states, but that euxinia was important at least during deposit formation when H2S was periodically present in the water column and contributed to the sulfur budget of the deposit ( Fig. 18 ; Peter et al., 2007; Bradshaw et al., 2008) . Euxinia was likely achieved via high productivity and physical restriction of the water column from oxic seawater in a silled basin/nutrient trap (Fig. 18) , but as the basin evolved these conditions were interrupted and the basin shifted towards suboxic to oxic bottom waters due to ingress of oxygenated seawater during the development of a back-arc basin.
Rare earth element and Y (REY) systematics: overprint by oxygenated seawater?
REY systematics of the Wolverine shales show features that broadly parallel those of the redox-sensitive trace elements. For example, the Y/Ho ratios are greatest in shales proximal to mineralization and are generally lowest in the deeper footwall and upper hanging wall (Figs. 13-16 ). The Ce/Ce* values, however, are lowest near the mineralized horizon and become more positive toward the lower and upper parts of the stratigraphy (Figs. 13, 15) . It is well established that fine-grained sediments deposited under varying redox conditions typically inherit the signatures of ambient seawater at the time of deposition (Elderfield and Greaves, 1981; Elderfield et al., 1988; de Baar et al., 1988 de Baar et al., , 1991 German et al., 1991; Goodfellow et al., 2003a; Edmonds and German, 2004) . Whereas Y/Ho ratios of seawater probably have not drastically changed during Earth evolution and are generally redox independent (e.g., Bau and Dulski, 1996; Planavsky et al., 2010) , the marine REE cycle, particularly Ce systematics, is strongly controlled by ocean redox (e.g., de Baar et al., 1988 de Baar et al., , 1991 . Under oxidizing conditions, seawater and authigenic sediments have a pronounced negative Ce anomaly, due to the adsorption and incorporation of Ce into Mn oxides and Mn nodules that form under oxic ocean conditions . By contrast, in the case of a redox-chemocline, Mn oxides that formed in the oxic upper water column destabilize at depth and release excess Ce scavenged from the oxygenated water column, resulting in positive Ce anomalies within pelagic sediments (de Baar et al., 1988 (de Baar et al., , 1991 Elderfield et al., 1988; Alibo and Nozaki, 1999) . The REY systematics of Wolverine area samples least affected by alteration and mineralization, including the lowermost footwall samples from the Fisher zone and samples from the uppermost hanging wall, have remarkably similar REY signatures, with flat PAAS-normalized patterns and no to very small negative Ce anomalies (Ce/Ce* ~1), consistent with deposition under anoxic to suboxic conditions Ce anomalies and much higher Y/Ho ratios (see de Baar et al., 1991; Bau, 1996; Nozaki et al., 1997; Alibo and Nozaki, 1999; Bau and Dulski, 1999) . This finding is somewhat unexpected, given that those shales proximal to the Wolverine mineralized horizon display the greatest enrichments in redox-sensitive trace elements indicative of deposition under periodic euxinic conditions. There are potential solutions to this paradox, however, involving apatite and carbonate abundance (Fig. 19) . The inverse relationship between the Ce/Ce* anomalies and P2O5 concentrations observed in Figure 15b have been observed in other shale-rich sequences and have been interpreted to reflect detrital apatite in shales (Piper, 2001; Slack et al., 2004 Slack et al., , 2015 . The negative Ce/Ce* anomalies could be, in part, explained by apatite having formed in the shallower, oxygenated parts of the Wolverine basin where it inherited the signature of oxygenated surface waters, followed by deposition as detrital grains into deeper, less oxygenated waters. The relationship of Y/Ho to P2O5 also shows a weak positive correlation (Fig. 19a) , suggesting that detrital apatite exerts some control on the Y/Ho ratios in the shales; however, there are also numerous higher values with lower P 2O5 contents that cannot be solely explained by apatite detritus. In particular, Y/Ho and Ce/Ce* values show strong correlations with CO2 contents in the shales (Fig. 19) , implying that the ratios are also affected by carbonate content. The elevated Y/Ho ratios in many samples are very similar to, and trend toward, the value for modern seawater, thus implying that the carbonate present in the shales may have had a seawater origin (Fig. 15) . A potential explanation for this trend is that the high Y/Ho ratios and low Ce/Ce* values were associated with enhanced carbonate precipitation from overlying oxygenated seawater above a lower euxinic zone (i.e., stratified basin). An alternative mechanism, and a more likely one based on geological and geochemical relationships, is that these ratios and values reflect a late hydrothermal overprint by low-temperature, CO 2-rich fluids that originated from oxygenated seawater, potentially as the basin was opening (Fig. 18) . Although the Wolverine basin was restricted with partially euxinic conditions in lower bottom waters, it is possible that upper waters were oxygenated, and when drawn into the hydrothermal system these fluids overprinted the existing shales with carbonate alteration that had signatures similar to oxygenated seawater (Fig. 18) . This interpretation is supported by the geology and alteration of the Wolverine deposit. For example, carbonate exhalative rocks exist both at the hanging-wall/footwall interface, and within the hanging-wall strata of the deposit ( Fig. 5 ; Bradshaw et al., 2008) . These carbonate exhalites are spatially associated with iron formations indicative of venting at low temperature (T <250°C; Peter, 2003) . Furthermore, there is abundant footwall and hanging-wall carbonate alteration in the deposit (Peter et al., 2007; Bradshaw et al., 2008) . These features are consistent with late overprinting by low-temperature, oxygenated and CO2-rich seawater-derived hydrothermal fluids (Fig. 18) .
Shale geochemistry as an exploration vector
The shale lithofacies in the Wolverine deposit has numerous geochemical characteristics that provide insights into the ambient environment of formation, proportions of hydrothermal versus detrital components, and hydrothermal fluid-rock interaction. These data are useful as exploration vectors in shale-rich, siliciclastic felsic VMS environments; the results also have significance for sediment-hosted Zn-Pb environments. Whereas there is debate regarding the location of euxinia (i.e., bottom waters versus sediment column; concentrations. These results suggest that the REY systematics are strongly influenced by apatite abundance and carbonate content of the samples. Gleeson et al., 2013; Reynolds et al., 2015) , reduced sulfur at the site of deposition and euxinic conditions are important in the generation of some VMS deposits in sediment-rich environments, resulting in more efficient complexing of metals from hydrothermal vents (Goodfellow et al., 2003b) . Identification of these conditions is best achieved using a multiproxy approach (Tribovillard et al., 2006; Lyons et al., 2009; Piper and Calvert, 2009; Little et al., 2015) , and in the Wolverine deposit the combination of low Mn contents (<1,000 ppm); V-Cr-Ni systematics (i.e., high V/Cr and V/(V + Ni) ratios); U-Mo enrichment (i.e., UEF and MoEF >10); and high S/ Corganic ratios (>0.32) and REY (Ce/Ce* ~1) systematics of unmineralized and relatively unaltered samples provide the best indicators of basin redox conditions. The REY systematics have also been useful in identifying late hydrothermal overprints and upwelling of lower temperature hydrothermal fluids. Those shales with late overprints are found proximal to the main mineralized horizon and have negative Ce anomalies (Ce/Ce* <1) and high Y/Ho ratios. However, it is uncertain if these REY systematics are unique to Wolverine or are applicable to all sediment-rich basins.
In addition to basin redox and vent proximity, major element and metal associations in shales can also provide vectors to mineralization. Shales that are spatially associated with mineralization typically have elevated contents of base metals, Fe-(Mn), and Fe-Mn-Ti-Al systematics typical of hydrothermal activity (Fig. 12) . Furthermore, these shales exhibit welldeveloped metasomatic trends consistent with the effects of chlorite, sericite, and carbonate alteration, including high CIW values, with or without quartz alteration (Fig. 10) .
Identifying shales with the combination of the right redox conditions of formation, evidence of hydrothermal vent proximity, and metal enrichment and alteration is a challenging task, but one that should allow target prioritization and reduced exploration risk.
Conclusions
Lithogeochemical data for shales from the Wolverine VMS deposit provide insight into ambient basinal conditions and the nature of hydrothermal activity during sulfide mineralization. Shales are located at various stratigraphic levels and occur in various mineralized zones within the Wolverine deposit area (e.g., Fisher, Puck, and Sable zones). Along the mineralized horizon near the immediate hanging wall and footwall, shales display evidence for deposition under anoxic conditions (e.g., low Mn, anoxic V-Cr-Mo-U systematics, S/Corganic >0.32). In the deeper footwall and uppermost hanging wall, the shales have geochemical signatures that are indicative of suboxic to oxic conditions. The Mo-U systematics of the Wolverine shales suggest that the basin was euxinic during deposit formation with free H2S present periodically in the water column, which contributed significantly to the sulfur budget of the deposit and was important in deposit genesis. Furthermore, the Mo-U systematics favor deposition in a restricted basin where H2S formation via sulfate reduction was associated with excess organic carbon preservation (i.e., nutrient traps). There is also evidence of a progressive shift upward in the stratigraphy to more oxygenated conditions in strata of the uppermost hanging wall. The shift from euxinic to suboxic or oxic conditions is consistent with tectonic models that favor a change from rifting during Wolverine deposit formation, where the basin was restricted with minimal circulation, to development of a back-arc basin that was accompanied by extension and ingress of oxygenated seawater.
The Wolverine shales proximal to mineralization have elevated Y/Ho ratios and Ce/Ce* values <<1 indicative of oxygenated seawater. The Ce/Ce* values are associated with anomalous P2O5 contents and are interpreted to represent partial control by detrital apatite, where the negative Ce anomaly was inherited from oxygenated waters in the upper water column and then deposited to depth via a phosphate particulate shuttle. The Ce/Ce* and Y/Ho also correlate with CO2, however, and shales having the strongest REY indicators similar to oxygenated seawater also display the strongest euxinic signatures. This paradoxical behavior can be reconciled by a late hydrothermal overprint on the shales from low-temperature, CO2-rich (oxygenated) hydrothermal fluids (i.e., high Y/Ho but Ce/Ce* <<1), in a vent-proximal environment. This interpretation is consistent with data from geology, stratigraphy, and hydrothermal alteration in the immediate footwall and hanging wall of the Wolverine deposit.
The use of diagnostic geochemical parameters is useful for identifying shales in the Wolverine basin that are prospective for VMS mineralization and in similar basins globally. In particular, samples should display evidence for deposition under anoxic to euxinic conditions (i.e., Mn <1,000 ppm; high V-Mo-U and V/(V + Ni), U EF, MoEF), hydrothermal Fe-Al-Mn signatures (i.e., high Fe/Al), and evidence for hydrothermal alteration (i.e., high CIW values, high molar sericite and chlorite). Identification of samples having these features is useful in targeting prospective VMS environments in shale-dominated successions and potential mineralized targets within shale-rich basins. and contributions during lab work at Laurentian University. We thank journal reviewers Nick Harris and Nicolas Tribovillard. Economic Geology editor John Slack is also thanked for thoughtful comments, editorial contributions, and answering numerous questions during the review process from the authors.
